We perform a global analysis of the lepton-quark neutral current data on the low scale gravity model, which arises from the extra dimensions. The global data include HERA neutral current deep-inelastic scattering, Drell-yan production at the Tevatron, and fermion pair production at LEPII. The Drell-yan production, due to the large invariant mass data, provides the strongest constraint. Combining all data, the effective Planck scale must be larger than about 1.15 TeV for n = 3 and 0.97 TeV for n = 4 at 95%CL.
Introduction
A solution to the gauge hierarchy, based on extra spacial dimensions, was recently proposed by ArkaniHamed, Dimopoulos and Dvali [1] . They assumed the space-time is 4 + n dimensional, with the standard model (SM) particles living on a brane. While the electromagnetic, strong, and weak forces are confined to this brane, gravity can propagate in the extra dimensions. To solve the gauge hierarchy problem they proposed the "new" Planck scale M S is of the order of TeV with very large extra dimensions. The size R of these extra dimensions can be as large as 1 mm, which corresponds to a compactification scale R −1 as low as 10 −4 eV. The usual Planck scale M G = 1/ √ G N ∼ 1.22 × 10 19 GeV is related to this effective Planck scale M S using the Gauss's law:
where n is the number of extra dimensions. For n = 1 it gives a large value for R, which is already ruled out by gravitational experiments. On the other hand, n = 2 gives R < ∼ 1 mm, which is in the margin beyond the reach of present gravitational experiments.
The graviton including its excitations in the extra dimensions can couple to the SM particles on the brane with an effective strength of 1/M S (instead of 1/M G ) after summing the effect of all excitations collectively, and thus the gravitation interaction becomes comparable in strength to weak interaction at TeV scale. Hence, it can give rise to a number of phenomenological activities testable at existing and future colliders [2] . So far, studies show that there are two categories of signals: direct and indirect. The indirect signal refers to exchanges of gravitons in the intermediate states, while direct refers to production or associated production of gravitons in the final state. Indirect signals include fermion pair, gauge boson pair production, correction to precision variables, etc. There are also other astrophysical and cosmological signatures and constraints [3] . Among the constraints the cooling of supernovae by radiating gravitons places the strongest limit on the effective Planck scale M S of order 50 TeV for n = 2, which renders collider signatures for n = 2 uninteresting.
Thus, we concentrate on n ≥ 3.
In this work, we perform a global analysis of the lepton-quark neutral current data on the low scale gravity model. The global data include HERA neutral current deep-inelastic scattering, Drell-yan production at the Tevatron, and total hadronic, bb and cc pair cross sections at LEPII. In addition, we also include the leptonic cross sections e + e − → µ + µ − , τ + τ − at LEPII in our analysis. The ν-N scattering data from CCFR and NuTeV have been shown by Rizzo [2] to be very insignificant in constraining the low scale gravity, and so we shall not include this data set in our analysis. We shall see that the Drell-yan production, due to the large invariant mass data, provides the strongest constraint among the global data. By combining all data, the effective Planck scale M S must be larger than about 1.15 TeV for n = 3 and 0.97 TeV for n = 4 at 95%CL. This is our main result.
The organization of the paper is as follows. In the next section, we shall describe each set of data used in our global analysis and derive the effect of the low scale gravity. In Sec. III, we give the numerical results and interpretations for our fits, from which we can draw the limits on the effective Planck scale.
Global Data
Before we come to each data set, let us first give a general expression for the square of amplitude for e − e + → qq:
In the derivation, we have followed the notation in Han et al. [2] and we have taken M 2 S ≫ s, |t|, |u| and in this case the propagator factor D(s) = D(|t|) = D(|u|), which is given by
where the factor F is given by
For n ≥ 3 F is always positive. The amplitude square for the crossed channels e
q can be obtained using the crossing symmetry.
2.a HERA neutral-current data
Both H1 and ZEUS have measured the neutral-current deep-inelastic scattering cross sections at high-Q 2 region. Despite the excess in cross section reported in early 1997, the 1997 data alone agreed well with the SM. The double differential cross section for e + p → e + X is given by
where Q 2 = sxy is the square of the momentum-transfer, √ s = 300 GeV, and f q/g (x) are the parton distribution functions. The reduced amplitudes M αβ are given in Eq. (3) with s replaced by −Q 2 . The last term in the above equation comes from the additional channel e + g → e + g allowed by the low scale gravity interactions. The channels q e +q → e +q are also included. The HERA data [4] used in our analysis are shown in Table 1 .
2.b Drell-yan at the Tevatron
CDF measured the double differential cross section d 2 σ/dM ℓℓ dy (ℓ = e, µ) for the Drell-yan production,
where M ℓℓ and y are, respectively, the invariant mass and the rapidity of the lepton pair. Essentially, CDF measured the cross section in the range −1 < y < 1 and then average over y to obtain the double differential cross section. The double differential cross section for pp → ℓ + ℓ − is given by
where 3 ). The second term of the above equation comes from→ G → ℓ + ℓ − and the third one comes from gg → G → ℓ + ℓ − . This K factor is, in principle, not valid for the gg channel, but it will not affect our calculation because we normalize our SM calculation to the expected number of events in each bin given by CDF when we deal with the CDF data (similarly, we normalize to the first bin of the D0 data when we deal with D0 data.) On the other hand, D0 measured the differential cross section dσ/dM ee with the rapidity range integrated. The Drell-yan data [5] we used in our analysis are shown in Table 2 .
2.c LEPII fermion pair Cross sections
LEPII has measured the leptonic cross sections, hadronic cross sections, and heavy flavor (b and c) production.
Since the low scale gravity interactions are naturally flavor-blind, we shall include the effects on all flavors
here. For a massless q the expression for σ(e + e − → qq) is given by
where the reduced amplitudes M αβ (α, β = L, R) are given in Eq. (3), and the QCD K factor is K = 
2.d ν-N Scattering
The recent measurements by CCFR and NuTeV [7] are the most precise ones on the neutrino-quark couplings.
Since the gravitons also couple to neutrinos, the measurements should, in principle, place a constraint on the scale M S . However, the analysis by Rizzo in Ref. [2] showed that the constraint coming from these low energy ν-N scattering is very weak. This is because the center-of-mass energies of these collisions are only of order of tens of GeV's, even though the neutrino beam energy is as high as a few hundred GeV. In addition, the effective operators induced by the low scale gravity interactions are at least of dimension eight. This is in contrast to the traditional four-fermion contact interactions, which are only of dimension six. Therefore, at such low center-of-mass energies in these collisions, the effect of low scale gravity is extremely minimal.
We are not going to include these data in our global fit.
Fits
For the fitting we follow the procedures in Refs. [8] , where the four-fermion contact interactions are analyzed with a similar but larger global data set. The difference is that Refs.
[8] include also the data sets from the low energy e-N scattering and the atomic parity violation, which constrain parity violating interactions.
But the gravity is certainly parity conserving and thus it receives no restriction from these parity-violating experiments.
The interference effect between the SM amplitude and the low scale gravity scales as F /M 
S . The physical region of η is η ≥ 0, and so we define the 95%CL upper limit for η as
where
From η + we find the limits as
. The limits on M S /F 1/4 for each data set and the combined are also shown in Table 5 . The combined limit is M S /F 1/4 > 970 GeV, or
970 GeV for n = 4 (11) at 95%CL.
It is the Drell-yan production at the Tevatron that gives the strong constraint among all data. This is easy to understand because theŝ of the Drell-yan process is the largest of all. The HERA data does cause a slight pull of the fit, about 1σ from zero, as shown by the last two rows in Table 5 . The central value for the "ALL w/o HERA" fit is essentially zero but the "ALL" fit has a central value about 1σ from zero. We show in Fig. 1 the Drell-yan production for the SM and for the low scale gravity model with M S and n given in Eq. (11), together with the D0 data.
To conclude, we have used the global lepton-quark neutral current data plus the leptonic cross sections at LEPII to constrain the low scale gravity interactions arising from the extra dimensions. The limit that we place on the effective Planck scale M S is about 1.15 TeV for n = 3 and 0.97 TeV for n = 4 at 95%CL.
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